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Abstract 
This lecture describes the approach to determine the material properties based on the regularly done compensation tests, so that 
for almost every project the material properties can be determined. The implementation in a software tool allows an easy 
evaluation, and enables the engineers to build up representative databases to be used for future projects. 
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1. Introduction 
Biaxial tests are used to determine compensation factors for membranes, and mechanical properties of the used 
membranes. 
Due to the big variation in production batches, for almost every project and batch, the compensation factors are 
determined with individual tests, taking into account the load history of the project. 
The experts in the field apply often material properties based on experience. Only for major projects individual 
biaxial tests are made to determine the material properties. These tests are often based on a Japanese standard, or 
derivates of this, which do not take into account the load history of the project, so that the determined values have 
effectively not much to do with the real problem. 
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Nomenclature 
Nx Stress in warp direction 
Ny Stress in weft direction 
Ex Young's modulus in warp direction 
Ey Young's modulus in weft direction 
E11 Stiffness in warp direction 
E22 Stiffness in weft direction 
E12 Crimp interchange stiffness 
İx Strain in warp direction 
İy Strain in weft direction 
Ȟxy Poisson ratio in warp direction 
Ȟyx Poisson ratio in weft direction 
2. Typically used procedures 
Different methods are used in the industry to run biaxial tests. The main differences and the most discussed issues 
are concerning the following aspects: should the load history of the project be considered in the biaxial test 
specifications and after testing, which cycles are to be used to determine the material properties. Also different 
approaches are used to determine material properties. 
The following chapters summarises briefly the main aspects of the usually used methods. 
2.1. Testing specifications after MSAJ/M--02--1995 
The Membrane Structure Association of Japan was the first, who formulated officially standards for the testing 
methods of membrane materials for the determination of material properties. Most publications are based on this 
standard. 
The combinations of load ratios mentioned in Table 1 should be repeated three times up to 25% of the tensile 
strength. It is recommended, that the test should be conducted on more than three specimens of the same membrane 
material. 
Table 1. Load profile after MSAJ [1] 
Load profile 
1:1 2:1 1:2 1:0 0:1 
The membrane material properties are formulated as a plane-stress problem in the elastic theory of anisotropy: 
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As there are more unknowns than equations, more than a single biaxial tensile test cycle is needed to determine 
the unknowns. Alternatively the least-squares method and the approximation method can be used. 
83 Bernd Stimpfl e and David Günther /  Procedia Engineering  155 ( 2016 )  81 – 88 
2.2. Testing specifications after CEN TC248 WG4 
The draft for this future European standard contains a proposal derived from the MSAJ. The load profile is 
extended by load cycles with the ratio 1:1 in-between the different load ratios and the 1:0 and 0:1 ratio has been 
changed to two load cycles with the ratios 1:prestress and prestress:1 (see Table 2). From our point of view, this is 
already a little hint, that project oriented tests are intended to be preformed. 
Table 2. Load profile after CEN TC248 [2] 
Load profile (each load cycle shall be applied three times) 
1:1 2:1 1:1 1:2 1:1 1:prestress 1:1 prestress:1 1:1
To determine material properties the following methods are proposed: 
• Graphical - linear approximation 
• Least squares stress minimization 
• Least squares strain minimization 
• Mini-max - absolute error 
• Multi-linear approximations 
2.3. Testing specifications after CEN TC 250 WG5 SaP report/ formTL 
The SaP report "Prospect for European Guidance for the Structural Design of Tensile Membrane Structures" has 
been published in 2016 in the course of the European standardization process of structural membranes. It says, that a 
biaxial test should simulate the behavior of the membrane under real conditions, which means the conditions in the 
building structure. Due to a highly nonlinear and anisotropic stress-strain-behavior, depending on the load ratio and 
the loading history, project specific biaxial tensile test for fabrics are highly recommended. 
The stress level of real projects runs between a defined prestress and the maximum load in warp and weft. Based 
on the MSAJ-Biaxial tests, the biaxial procedure is adapted in the following way: it starts with five prestress cycles 
and the maximum load in warp and weft of the following five-times repeated cycles is limited by the maximum 
values of the project. A proposal of such a adapted load scenario is given in Figure 1. 
Fig. 1. Load scenario for a modified biaxial test according to formTL [© formTL] 
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The sample is stressed with the full range of load histories, which would not happen really in a real project. To 
get realistic stiffness and compensation values, only realistic load cycles should be use for the evaluation of the test. 
In the biaxial procedure shown in Figure 1, the last six cycles are calculated so that the strain in the less stressed 
direction is almost negligible. 
3. Advantages of project oriented approaches 
One should be aware, that biaxial tests are intended to determine the compensation factor and the stiffness values. 
In the early phases of a project the finally used membrane material is not yet unknown. Therefore, membrane 
properties determined in a standard biaxial test (e.g. suggested in the SaP report [3]) and empirical values are helpful 
to be used in the design. Later, when the design is fixed and the structural engineering and the patterning started, it 
would be better, if values could be determined based on the project and its load level. 
Experience has shown that the statistical variation of the stiffness and compensation values is not negligible. The 
values are related directly to the load history, the load level and the evaluated cycles of the test. The aim should be 
to find the appropriate linear values for a nonlinear problem, which are as close as possible to the reality. 
Simultaneous, the biaxial testing procedure and evaluation should not be too complicated, to prevent mistakes and 
excessively high costs. 
4. Evaluation and comparison 
This chapter is about the evaluation of the biaxial tests. We use the least squares method of stress minimization to 
evaluate the results. This method allows to determine the values E11, E22 and E12 directly, no matter how many 
values are added up in the sum. Therefore it is possible to solve the equation with few load cycles, many load cycles 
and even all measured data. 
In addition to that, the calculated error sum S allows an evaluation of the statistical variation of the evaluated 
data. 
Least squares method of stress minimization: 
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To simplify and accelerate the evaluation of the biaxial test, we created a software tool. This program allows to 
import the test results. It scans the stress strain data and recognizes the load cycles automatically. To determine the 
stiffness values, one can select single load cycles or defined areas, limited by time and/or stress. 
This tool makes it very easy and fast to evaluate the testing results. The engineer can see directly the effect of the 
chosen load cycles on the stiffness values, so that he gets a feeling of the material behavior and the influence of the 
load level and history. 
The following chapters describe the influence of the selection of the load cycles and the values taken into account 
thereby. We have chosen two tests with the same material (Glass-PTFE), one is executed with project oriented load 
cycles defined with the formTL procedure (see Figure 2) and one with load cycles specified in the MSAJ, but 
extended with five prestress cycles at the beginning of the test (see Figure 3). 
For all following evaluations, only the ascending parts of the load cycles will be considered. 
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Fig. 2. Biaxial test, load cycles defined by formTL [© formTL] 
Fig. 3. Biaxial test, specified by MSAJ, extended with five prestress cycles [© formTL] 
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4.1. Influence of load cycles specifications 
For the evaluation of the test shown in Figure 2 and 3, we selected the load cycles close to the load history in the 
project. For the test in Figure 2, this cycles are the last six 2.5:1 or rather 1:2 and for the test in Figure 3 this cycles 
are the ten 2:1 or rather 1:2 cycles in the middle of the test. 
Table 3. Results of project oriented load cycles 
MSAJ formTL 
E11 3410 [kN/m] 3645 [kN/m] 
E22 3665 [kN/m] 2535 [kN/m] 
E12 980 [kN/m] 1295 [kN/m] 
S 6.9 [-] 1.3 [-] 
The values of E11 and E12 are quite comparable but the values of E22 are remarkably different. This deviation is 
probably due to the different load levels and even more due to the load history. The extremely high value of S
indicates a big variation for the MSAJ values. 
4.2. Influence of intermediate values 
The stiffness values in Table 3 are calculated only with the stress and strain values of the first and last point of 
the ascending part of the load cycles. If we take into account every single value in-between, the stiffness become 
unrealistic soft: 
Table 4. Results, intermediate values considered 
MSAJ formTL 
E11 800 [kN/m] 895 [kN/m] 
E22 850 [kN/m] 785 [kN/m] 
E12 445 [kN/m] 115 [kN/m] 
S 28.2 [-] 9.6 [-] 
The nonlinear relation between stress and strain becomes clearly visible, if we will take a look at the much bigger 
values of the error sums S. 
4.3. The selection of the proper load cycles for determination 
To demonstrate how big the influence of the load cycle selection is, we evaluated the tests shown in Figure 2 and 
Figure 3 section wise (see Table 5 and 6). The statistical variation of the values is really big, which demonstrates 
that the selection of the load cycles, which correspond most closely to the load levels of the project, is very 
important. 
In Table 5, one can see another effect as well: during the three repeating load cycles (cycle 1-15, 16-30 and 31-
45), the membrane stiffness increases. This effect seems logical with respect to the residual elongations, which are 
considered in the project with the compensation factors. 
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Table 5. Section wise evaluated biaxial test, defined by formTL 
Cycles 1-5 6-10 11-15 16-20 21-25 26-30 31-35 36-40 41-45 46-51 
E11
2310 
[kN/m] 
2730 
[kN/m] 
-16285 
[kN/m] 
1475 
[kN/m] 
4235 
[kN/m] 
2780 
[kN/m] 
1165 
[kN/m] 
4405 
[kN/m] 
1845 
[kN/m] 
3645 
[kN/m] 
E22
1180 
[kN/m] 
-7445 
[kN/m] 
-345 
[kN/m] 
1255 
[kN/m] 
2795 
[kN/m] 
2570 
[kN/m] 
1240 
[kN/m] 
3380 
[kN/m] 
2535 
[kN/m] 
2535 
[kN/m] 
E12
390 
[kN/m] 
-2805 
[kN/m] 
-6135 
[kN/m] 
1080 
[kN/m] 
1205 
[kN/m] 
1040 
[kN/m] 
1305 
[kN/m] 
1515 
[kN/m] 
725 
[kN/m] 
1295 
[kN/m] 
S 0.9 [-] 12.9 [-] 21.5 [-] 0.0 [-] 7.1 [-] 6.7 [-] 0.1 [-] 8.5 [-] 8.3 [-] 1.3 [-] 
E11 - 4140 [kN/m] - 4240 [kN/m] - 4320 [kN/m] - 
E22 - 2550 [kN/m] - 2780 [kN/m] - 2915 [kN/m] - 
E12 - 1320 [kN/m] - 1405 [kN/m] - 1515 [kN/m] - 
S - 50.8 [-] - 18.8 [-] - 22.1 [-] - 
E11 3380 [kN/m] 3650 [kN/m] 3725 [kN/m] - 
E22 1795 [kN/m] 2160 [kN/m] 2250 [kN/m] - 
E12 565 [kN/m] 800 [kN/m] 890 [kN/m] - 
S 140.6 [-] 77.0 [-] 79.7 [-] - 
E11 3575 [kN/m] 
E22 2085 [kN/m] 
E12 800 [kN/m] 
S 337.9 [-] 
5. Conclusion 
Our investigation has shown, that there are many effects, which have an impact on the stiffness values evaluated 
with biaxial tests. We have noticed, that the best matching results have been derived from load scenarios based on 
realistic load levels and load ratios. 
The further development is to integrate the comparison of test results with the stress - strain behavior based on 
determined elastic constants in order to demonstrate the reliability. 
The development of actual standards on biaxial tests should acknowledge these facts and allow for project 
oriented procedures. 
Table 6. Section wise evaluated biaxial test, defined after MSAJ 
Cycles 1-5 6-10 11-15 16-20 21-25 26-30 
E11 2175 [kN/m] 2005 [kN/m] 3405 [kN/m] 1375 [kN/m] 3205 [kN/m] 4425 [kN/m] 
E22 1365 [kN/m] 1845 [kN/m] 2285 [kN/m] 3630 [kN/m] 940 [kN/m] 4415 [kN/m] 
E12 470 [kN/m] 1880 [kN/m] 1105 [kN/m] 1255 [kN/m] 370 [kN/m] 2520 [kN/m] 
S 2.1 [-] 68.8 [-] 0.4 [-] 5.4 [-] 6.0 [-] 16.8 [-] 
E11 - - 3410 [kN/m] 3595 [kN/m] 
E22 - - 3665 [kN/m] 4075 [kN/m] 
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E12 - - 980 [kN/m] 1795 [kN/m] 
S - - 6.9 [-] 53.2 [-] 
E11 - 3105 [kN/m] 
E22 - 3300 [kN/m] 
E12 - 1080 [kN/m] 
S - 284.7 [-] 
E11 3060 [kN/m] 
E22 3135 [kN/m] 
E12 995 [kN/m] 
S 435.3 [-] 
Fig. 4. Comparison of test results with the stress - strain behavior [© formTL] 
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